In eukaryotes, transcription is controlled mainly by enhancer sequences that are binding sites for transcriptional activators. A major class of transcriptional regulators is the family of zinc finger proteins. They are divided into three types: the Cys-CysHis-His family, which includes the transcription factors TFIIIA and Sp1; the Cys-Cys-Cys-Cys family (also called the zinc twists), exemplified by the nuclear receptors like the progesterone and estrogen receptors; and, finally, the binuclear zinc cluster family (41) . The zinc finger(s) of these proteins is responsible for site-specific DNA binding. The zinc cluster proteins contain the consensus sequence CX 2 CX 6 CX 5-9 CX 2 CX 6-8 C, where the cysteines bind two zinc atoms which coordinate folding of the domain. Mutations in any cysteines of the zinc cluster invariably result in the loss of the DNA binding activity.
A well-characterized member of the family of zinc cluster proteins is Gal4p, a positive regulator of the expression of the genes involved in galactose metabolism in Saccharomyces cerevisiae. Gal4p binds as a homodimer to upstream activating sequences (UASs) that are palindromes (CGG-N 11 -CCG), with each zinc cluster recognizing a CGG triplet as shown by determination of its crystal or solution structure (2, 20, 23) . The zinc cluster domain is followed by a short linker region and a dimerization domain that consists of a coiled-coil. The importance of the spacing in the Gal4p UAS is shown by the fact that changing the distance between the two CGG triplets of the Gal4p site from 11 to 10 or 12 bp greatly reduces the binding in vitro and, to a greater extent, the activity in vivo (42) .
While the spacing between the CGG triplets is 11 bp for Gal4p, other zinc cluster proteins also recognize the same triplets but with a different spacing. For example, the Put3p activator binds CGG triplets spaced by 10 bp (34) while the activator Ppr1p recognizes CGG motifs separated by 6 bp (31). The crystal structure of Ppr1p has shown that its zinc finger has a similar structure to that of Gal4p. However, in contrast to Gal4p, the linker region and part of the coiled-coil of each monomer of Ppr1p are folded asymmetrically, resulting in recognition by Ppr1p of target sites with a shorter spacing (24) . In addition, construction of chimeric proteins made of Gal4p, Put3p, and Ppr1p has shown that the linker region that bridges the zinc finger and the dimerization domain is responsible for specifying binding to a site of a given spacing (5, 29, 44) .
Hap1p, another member of this family of zinc cluster proteins (6, 26, 38) , is a transcription factor involved in the regulation of genes related to cellular respiration (26, 45) . The zinc cluster of Hap1p (residues 64 to 93) is 43% identical to that of Gal4p, and the coiled-coil sequence of the dimerization domain is similar to the corresponding region in Gal4p (45) . UASs of Hap1p have been identified in the CYC1 and CYC7 genes that encode isoforms of cytochrome c (27, 28, 50) . In addition, other sites have been identified in the CTT1 (catalase T), the CYB2 (cytochrome b 2 ), and the CYT1 (cytochrome c 1 ) genes (22, 32, 43) . Analysis of these various sites has revealed that Hap1p binds to a direct repeat containing two direct CGG triplets separated by 6 bp (14, 46) .
An additional member of the family of zinc cluster proteins is Leu3p, containing a zinc finger homologous to those of Gal4p, Ppr1p, Put3p, and Hap1p at its N terminus and an acidic activation domain near its C terminus (48, 49) . Leu3p is apparently constitutively bound to DNA of target sites (19) , and its transcriptional activity is higher when low levels of leucine are present in the medium. Moreover, the activity of Leu3p is positively controlled by ␣-isopropylmalate, the product of the first enzymatic step for leucine biosynthesis (37) , encoded by the LEU4 gene. Leu3p binds as a homodimer to target sites (30) that include genes encoding enzymes involved in branched-chain amino acid synthesis (LEU1, LEU2, LEU4, and ILV2) (4, 11, 12, 40) , as well as the GDH1 gene, which encodes NADP ϩ -dependent glutamate dehydrogenase (17) .
Leu3p was shown to bind in vitro to a conserved decanucleotide sequence (CCGGNNCCGG [see Fig. 1 ]) present in the promoters of target genes, and it was concluded that Leu3p binds to a CGG palindrome spaced by 2 bp in a similar way to that of Gal4p. However, no detailed mutagenesis studies of the UASs have been performed on the UAS LEU3 .
In this paper, we report that, unexpectedly, Leu3p recognizes CGG triplets oriented in opposite directions. This newly identified DNA motif (an everted repeat or inverted palindrome), is spaced by 4 bp (CCG-N 4 -CGG). We also provide evidence that another zinc cluster protein, Pdr3p, binds to an everted CGG repeat spaced by 0 bp. Therefore, three DNA motifs (palindromes, direct repeats, and everted repeats) are the targets for zinc cluster proteins.
MATERIALS AND METHODS

Plasmids. (i) GST expression vectors. A BluescriptKS
Ϫ SspI-SspI fragment containing an f1 origin was subcloned into the unique BsaAI site of the glutathione-S-transferase (GST) expression vector pGEX-KT (15) to give pGEX-f. A portion of the LEU3 gene (47) that encodes its DNA binding domain (amino acids [aa] 1 to 147) was PCR amplified with Vent polymerase (New England BioLabs), using the primers 5Ј-CGGGATCCATGGAAGGAAGATCAGAT CA-3Ј and 5Ј-GGAATTCAAAGTGTTTTGTATG-3Ј and yeast genomic DNA isolated from strain YPH499 (35) as a template. The PCR product was cut by BamHI and EcoRI, purified on a column (PCR purification kit; Promega), and subcloned into pGEX-f cut with the same enzymes to give pLEU3 . This plasmid has the LEU3 coding sequences in frame with the GST sequences and a stop codon, introduced during PCR amplification, after aa 147. Sequencing of the coding region of LEU3 showed that no mutations were introduced during PCR amplification. The expression vectors for Pdr3p (8, 9) , pPDR3(1-146), and Gal4p, pGAL4(1-143), were constructed in a similar way to that for pLEU3 , using the primers 5Ј-CGGGATCCATGAAAGTGAAGAAATCAAC-3Ј and 5Ј-GGAATTCACAAATTTGTCAGAAT-3Ј for PCR amplification of the PDR3 sequences and the primers 5Ј-CGGGATCCATGAAGCTACTGTCT-3Ј and 5Ј-GGAATTCACTGTCTTTGACCTT-3Ј for amplification of the GAL4 sequences. The expression vector pGAL-LEU-GAL for the chimeric protein Gal4(1-10)-Leu3(37-69)-Gal4(41-143) was constructed by introducing SphI sites around the first and last cysteines of the zinc finger of Leu3p and Gal4p with plasmids pLEU3(1-147) and pGAL4(1-143) as template for site-directed mutagenesis (21) . The SphI fragment of GAL4 containing the coding region of the zinc finger was replaced by the homologous fragment of LEU3. The resulting plasmid was further mutagenized to eliminate missense mutations that were introduced to create the second SphI site. The final construct was sequenced to confirm its integrity.
(ii) Reporters. The oligonucleotides 5Ј-TCGATCGGCCGGAACCGGCTTT-3Ј and 5Ј-TCGAGAAAGCCGGTTCCG-3Ј, with underlined sequences corresponding to the UAS of LEU2 (or mutants), were treated with T4 polynucleotide kinase, annealed, and filled in with Klenow in the presence of dATP, dCTP, and dGTP in such a way that the double-stranded oligonucleotide has cohesive XhoI ends. The DNA was purified on a 10% polyacrylamide gel and subcloned into the unique XhoI site of plasmid pSLF⌬178K (10) . The XhoI site of pSLF178⌬K is located upstream of the minimal CYC1 promoter driving lacZ transcription. DNA sequence analysis showed that the selected reporters (see Table 1 ) had only one copy of the UAS of LEU2 (or mutants).
Protein purification. Expression vectors were transformed into Escherichia coli BL21. A 10-ml portion of an overnight culture was then diluted in 100 ml of 2ϫ YT containing 100 g of ampicillin per ml and grown for 1 h at 37ЊC. Isopropyl-␤-D-thiogalactopyranoside (IPTG) and ZnSO 4 were then added at final concentrations of 0.5 mM and 100 M, respectively. The cells were grown for 2 h at room temperature and used for protein purification. GST fusion proteins were purified essentially as described by Ausubel et al. (1) . The purified GST fusion proteins bound to beads were treated with thrombin (150 g/ml) for 2 h at room temperature. The beads were then centrifuged, and the supernatant was mixed with 1 volume of 2ϫ storage buffer (20% glycerol, 4 mM dithiothreitol, 10 M ZnSO 4 , 2 g of bovine serum albumin per ml) and stored at Ϫ80ЊC. The polypeptides were Ͼ80% pure as judged by sodium dodecyl sulfate-polyacrylamide gel analysis.
EMSA. (i) Probes. DNA sequences of the probes used in electrophoretic mobility shift assays (EMSA) are TCGATCGGCCGGAACCGGCTTTCTCGA (UAS of LEU2), TCGACCTGCCGGTACCGGCTTGGTCGA (UAS of ILV2), and TCGATGCGCCGGAACCGGCCCATCGA (UAS of GDH1) (4, 11, 12, 17 ) (see Fig. 5 for those of Pdr3p). The sequences of the mutants are shown in Fig. 2 through 5. LEU2 probes with altered spacing (see Fig. 2B ) have the following sequences: spacing of 3 bp, TCGATCGGCCGGACCGGCTTTCTC GA; and spacing of 5 bp, TCGATCGGCCGGAAACCGGCTTTCTCGA. The consensus UAS GAL4 (23) has the sequence AGTTCGGAGGACTGTCCTCCG AACT, and the mutant probe with a palindromic CCG motif (see Fig. 4 ) has the sequence AGTTCCGAGGACTGTCCTCGGAACT.
(ii) Gel shifts. Double-stranded oligonucleotides were end labeled with T4 polynucleotide kinase and purified on G-50 spin columns. About 1 ng of the probe was mixed with approximately 0.5 ng of purified Leu3p (aa 1 to 147) or Pdr3p (aa 1 to 146) in 20 l of 2 mM Tris-HCl (pH 7.5)-2 mM MgCl 2 -10 M ZnSO 4 -25 g of sonicated salmon sperm DNA per ml. After 30 min, the samples were loaded on a 4% polyacrylamide gel in 1ϫ Tris-borate-EDTA (TBE) prerun for 2 h at 120 V (25) .
(iii) Competition assays. Cold probes were generated by PCR amplification with the reporter plasmids as templates and were purified on a column (Promega). Binding reactions were performed as described above, except that increasing concentrations of cold competitors (1ϫ, 4ϫ, 10ϫ, 25ϫ, and 100ϫ molar excess) were used in the assay and the protein was added last. Free DNA was separated from the DNA-protein complex as described above, and the percentage of binding (no competitor is 100%) was measured (Phosphorimager; Fuji) and plotted against the log concentration of the cold competitor. Relative affinities were determined by measuring the concentration of the competitors required to give 50% binding compared with a wild-type competitor.
␤-Galactosidase assays. Strains PDY102-1A (LEU3) and PFY420 (leu3) (12) were transformed with reporter plasmids on selective medium, and colonies were grown overnight to saturation in YPD (33) . The cells were then diluted 2,000-fold and grown for 10 h (optical density at 600 nm, 0.6 to 1.0) in synthetic medium (33) supplemented with 0.1% Casamino Acids, 0.004% adenine, and 2% glucose and assayed for ␤-galactosidase activity with permeabilized cells (13) . The results shown in Table 2 are the mean of two or three experiments performed in duplicate with a variation of less than 25%.
RESULTS
When comparing the sequences of the target sites of Leu3p, eight conserved nucleotides are found in all known UASs with the exception of one nucleotide in LEU4 (labeled bases 1 to 8 in Fig. 1 ). Assuming that Leu3p recognizes two CGG triplets, three DNA motifs could be potential binding sites for the Leu3p activator: a palindromic site spaced by 2 bp, two direct repeats spaced by 3 bp, and an everted repeat spaced by 4 bp. To distinguish among these various putative sites, we performed a mutational analysis of the binding sites of Leu3p.
Leu3p binds to an everted repeat (CCG-N 4 -CGG) at the UAS of LEU2. The DNA binding domain of Leu3p (aa 1 to 147; hereafter referred to as Leu3p) was purified and then used in an EMSA with a probe derived from the UAS of LEU2. As expected, Leu3p bound to the wild-type UAS of LEU2 (Fig.  2A, lane WT) . If Leu3p binds to a palindromic sequence consisting of two CGG triplets, almost any mutations in these triplets should have drastic effects on Leu3p binding. Surprisingly, mutating position 4 or 5 of the palindrome to A or T has very little effect on Leu3p binding ( Fig. 2A) , indicating that Leu3p does not recognize a palindrome. Since these mutations also disrupt either direct repeat ( Fig. 2A) , the results also (4, 11, 12, 17) and the putative UAS of ILV5 located 286 bp upstream of the start site (40) . Conserved nucleotides found in nearly all the UASs are shown in gray and labeled 1 to 8. Various DNA motifs are shown below these sequences, with arrows corresponding to the CGG triplets.
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indicate that Leu3p does not bind to either direct repeat present in the UAS of LEU2. When the UAS of LEU2 is examined, a third motif, consisting of two CGG triplets oriented in opposite directions, an everted repeat, is observed ( Fig. 2A) . As opposed to the palindrome and the direct motifs, many mutations that target the everted repeat have a severe effect on Leu3p binding. For instance, binding is abolished by a mutation at position 2 or 7 and diminished by a mutation at position 1 or 8 of the everted repeat ( Fig. 2A) . For example, mutating position 1 to an A or a T reduces binding to 20 and 5%, respectively, of that of the wild-type UAS of LEU2. In addition, binding is also diminished when position 6 is mutated to an A and to a greater extent when this position is mutated to a T. Mutation of position 3 to a T (mutant 3T) has only a slight effect on the binding of Leu3p, while a change to an A (mutant 3A) shows only 10% binding. We explain the similar effects of mutations 3A and 6T (as well as 3T and 6A) by the fact that the two CGG triplets of the everted repeat are found on the top and the bottom strands. Indeed, mutants 3A and 6T both change one CGG triplet to TGG. Similarly, mutation of position 3 to a T or position 6 to an A results in an AGG triplet. Similar results were observed with Lac9p, a Kluyveromyces lactis homolog of Gal4p, that recognizes palindromic CGG triplets spaced by 11 bp. Mutation of both CGG triplets to TGG has a more drastic effect on the binding of Lac9p than does mutation of both triplets to AGG (16) . Taken together, these results show that the most severe effects are seen when mutating nucleotides that correspond to the everted repeat but not at positions outside this motif.
To assay the relative affinity of the various mutants for Leu3p, we performed competition experiments with the UAS of LEU2 as a probe and various competitors. Mutations that are specific for the palindrome (positions 4 and 5) show some reduction in the affinity for Leu3p (1.7-to 5-fold [ Table 1] ). However, competitors with mutations that target the everted repeat have a more reduced affinity for Leu3p (Table 1) . For example, mutations at position 8 that disrupt the everted repeat but not the palindrome result in a 10-to 15-fold-reduced affinity compared with the wild-type UAS of LEU2. In addition, mutation at position 2 or 7, both of which are part of the everted repeat, reduces the affinity 16-to 100-fold (Table 1) , in agreement with their greatly reduced binding (Fig. 2A) . These results suggest that Leu3p recognizes an everted repeat spaced by 4 bp (CCG-N 4 -CGG).
To analyze the importance of the spacing between the CGG triplets of the everted repeat, we assayed the binding of Leu3p with spacings changed by 1 bp. Altering the spacing of the wild-type UAS of LEU2 from 4 to either 3 or 5 bp completely abolishes the binding of Leu3p, as shown by EMSA (Fig. 2B) . Therefore, both the presence of two everted CGG triplets and a spacing of 4 bp between them are important for the binding of Leu3p to the UAS of LEU2. These results are in agreement with experiments performed in vivo with the UAS of LEU2 and mutants (see below).
Leu3p binds to an everted repeat (CCG-N 4 -CGG) at the UASs of GDH1 and ILV2. Our results do not exclude the possibility that Leu3p would recognize a palindromic sequence at other target sites. However, a mutation in the UAS of GDH1 at position 8, which is part of the everted repeat, greatly impairs the binding of Leu3p, while a mutation at position 5, which targets the palindrome, only minimally affects the bind- (Fig. 3) . Comparable results were obtained when looking at the effect of similar mutations at the UAS of ILV2 (Fig. 3) . These results suggest that Leu3p also recognizes an everted repeat found at similar positions in the UASs of GDH1 and ILV2 compared with the UAS of LEU2. The Leu3p zinc finger recognizes CGG triplets. Taken together, our results suggest that Leu3p binds to everted CGG triplets. However, it is also possible that the zinc finger of Leu3p would recognize a palindromic sequence composed of CCG triplets as opposed to Gal4p, which binds to CGG triplets (23) . This is an important distinction, because if binding was to palindromic CCG triplets, the two zinc fingers of Leu3p would face each other (like Gal4p). In contrast, binding to everted CGG triplets would result in the opposite orientation of the Leu3p zinc fingers. To distinguish between these two possibilities, we tested by EMSA a chimeric zinc cluster protein (GAL-LEU-GAL) in which the zinc finger of Gal4p was replaced by the one of Leu3p. We used three different probes: one that corresponds to the consensus UAS GAL4 (containing palindromic CGG triplets spaced by 11 bp [CGG-N 11 -CCG]), a second with a similar site that contains a palindromic CCG motif (CCG-N 11 -CGG), and, finally, the UAS of LEU2. As expected, Gal4p binds to its consensus site but not to a palindromic CCG site or the UAS of LEU2 whereas Leu3p binds only to its target site (Fig. 4) . The chimeric GAL-LEU-GAL protein binds to the site with the palindromic CGG motif but not to the CCG palindrome or the UAS of LEU2. These results show that the zinc finger of Leu3p, like Gal4p, recognizes CGG but not CCG triplets. Leu3p . We then assayed the activity in vivo of the LEU2 UAS and its mutants. A series of reporter genes was constructed by inserting one copy of the wild-type UAS of LEU2 (or mutants) upstream of the minimal CYC1 promoter driving lacZ transcription. Reporters were then transformed into both a LEU3 and a leu3 yeast strain, and their activity was assayed (Table 2) . When a reporter containing a wild-type copy of the UAS of LEU2 is used, 597 and 3.8 U of ␤-galactosidase activity are obtained in LEU3 and leu3 strains, respectively, indicating that the activity is due to Leu3p. Mutations in the everted repeat that impair or abolish in vitro binding also have a severe effect on Leu3p activation, as shown by reporters LEU2-1T, LEU2-2A, LEU2-3A, LEU2-7A, LEU2-8A, and LEU2-8T ( Table 2 ). Mutation of position 3 to a T or position 6 to an A has little effect on in vitro binding ( Fig. 2A) and activity (Table 2) . However, UASs with mutations outside the everted repeat (reporters LEU2-4A, LEU2-4T, LEU2-5A, and LEU2-5T) still show significant ␤-galactosidase activity, which is 9-to 50-fold higher in the LEU3 strain than in the leu3 strain, indicating that their activity is due to Leu3p. Therefore, the Leu3p affinity of the mutant UASs of LEU2 is correlated with their in vivo activity. All the data are in agreement with the binding of Leu3p to an everted repeat spaced by 4 bp (CCG-N 4 -CGG).
Mutations in the everted repeat (CCG-N 4 -CGG) of the UAS of LEU2 impair in vivo activation by
Pdr3p binds to an everted repeat spaced by 0 bp (CCGCG G). These results raise the possibility that the everted repeat is a target for a subset of the zinc cluster protein transcriptional regulators. Alternatively, binding of Leu3p to an everted repeat (CCG-N 4 -CGG) could be a peculiar feature of this protein. However, when two known target sites of Pdr3p, a zinc (8, 9) , are inspected, an everted CGG triplet with a spacing of 0 bp is seen (7, 18) . To verify that Pdr3p actually recognizes an everted repeat, we expressed the DNA binding domain of Pdr3p (aa 1 to 146) in bacteria (see Materials and Methods) and used the purified polypeptide (hereafter referred to as Pdr3p) for EMSA. The "wild-type" probe for Pdr3p is an arbitrarily designed oligonucleotide in which two CGG triplets (CCGCGG) are located in the middle of a palindromic sequence, by analogy to the site bound by Pdr3p (7, 18) . Strong binding to Pdr3p with this synthetic site is detected by EMSA (Fig. 5) . No binding is detected with probes A and B, which contain point mutations in one of the two CGG triplets. Moreover, insertion of one nucleotide between the CGG triplets (probe C, Fig. 5 ) prevents the binding of Pdr3p. These results indicate that Pdr3p binds to an everted repeat spaced by 0 bp as opposed to 4 bp for Leu3p. In addition, the data raise the possibility that everted repeats with other spacing are target sites for other members of the family of zinc cluster proteins.
DISCUSSION
The results presented here show that, unexpectedly, the yeast zinc cluster protein Leu3p binds to CGG triplets oriented in opposite directions: an everted repeat (CCG-N 4 -CGG). We focused the analysis on eight nucleotides conserved in all (but one) of the UAS LEU3 . Mutations of the UAS of LEU2 that had the most severe effect on in vitro binding of Leu3p correspond to an everted repeat ( Fig. 2A) . In contrast, mutations that are specific for the palindrome or the direct motifs have little effect on Leu3p binding. These results are correlated with the relative affinities of various mutants of the UAS of LEU2 (Table  1) . For instance, mutations at position 4 or 5 reduce the affinity for Leu3p 1.7-to 5-fold whereas many mutations that target the everted repeat reduce the affinity to a greater extent (up to 100-fold). In addition, methylation interference analysis has shown that Leu3p makes symmetrical contacts in the major groove of the DNA helix and that four guanines that are in close contact to Leu3p are the ones found in the two everted CGG triplets (12, 30) . This is in agreement with our mutational analysis. Weak methylation interference was also seen with guanines that flank the CCG-N 4 -CGG sequence of the UAS of LEU2 (12, 30) . Since these guanines are not conserved in some other target sites of Leu3p (Fig. 1) , weak methylation interference observed outside the sequence CCG-N 4 -CGG at the UAS of LEU2 may simply reflect close contacts of Leu3p with these guanines without being important for binding of Leu3p to target sites. Moreover, the in vitro data are in agreement with the Leu3p in vivo activation observed on reporters in which one copy of the UAS of LEU2 (or mutants) was placed in front of a minimal CYC1 promoter (Table 2 ). Mutations at position 4 or 5 reduced the in vivo activity (Table 2) , in agreement with their reduced affinity for Leu3p (Table 1) . However, these mutants still show a substantial activity compared with that of a leu3 strain. This is in contrast to mutations that target the CCG-N 4 -CGG motif in which background activity is observed for all of the mutations analyzed (Table 2) , with the exception of mutants 3T and 6A, which both result in a change of one CGG triplet to TGG. It seems that a change to AGG is less detrimental for binding of Leu3p to DNA (and activation) than is a mutation to TGG. Studies on Lac9p, which recognizes a palindromic sequence (CGG-N 11 -CCG), showed that this protein is also more tolerant to a change to AGG than to a change to TGG (16) .
Mutational analysis on two other UAS LEU3 , GDH1 and ILV2, indicates that Leu3p also binds to everted CGG triplets on these sites like it does on LEU2 (Fig. 3) . Therefore, the palindrome and the direct repeats are not used by Leu3p, even though they are present in all (but one) of the UAS LEU3 . This raises the possibility that these motifs are binding sites for other zinc cluster proteins. Interestingly, it was reported that the activity of a LEU2-lacZ reporter was higher in a strain carrying a total deletion of the LEU3 gene than in a strain producing a Leu3p polypeptide that was presumably truncated in the C-terminal activation domain (4) . These results suggest that the truncated Leu3p can compete with another activator for binding to the UAS of LEU2, resulting in a lower LEU2 transcription than that caused by a total deletion of the LEU3 gene.
It could be argued that Leu3p does not recognize the CGG motif but, rather, binds to a palindromic CCG repeat. In the latter case, the two zinc fingers of the dimeric Leu3p would face each other, in contrast to binding to everted CGG triplets (CCG-N 4 -CGG), which would result in zinc fingers oriented in opposite directions. However, when the zinc finger of Gal4p was replaced by the one of Leu3p, the chimeric protein still bound to a Gal4p site (Fig. 4) . This was somewhat expected, since key amino acids of the zinc finger of Gal4p known to make contacts with the CGG triplet are conserved in Leu3p (23) . The results with the chimeric protein show that the zinc finger of Leu3p has the same specificity as the one of Gal4p and strongly suggest that the zinc fingers of a Leu3p dimer are oriented in opposite directions.
Our results show that another zinc cluster protein, Pdr3p, also binds to CGG triplets oriented in opposite directions and spaced by 0 bp (CCG CGG) (Fig. 5) , suggesting that the everted repeat CCG-N X -CGG is a commonly used DNA binding motif by zinc cluster proteins. Binding of transcription factors to everted DNA repeats in higher eukaryotes has been reported for some members of the nuclear receptor family (reference 39 and references therein). Altering the spacing by 1 bp completely abolishes binding by Pdr3p. Similar results are seen for Leu3p (Fig. 2B ), in agreement with another study (30) and by analogy to Gal4p, in which removal or insertion of 1 bp in the middle of a consensus UAS greatly diminishes the affinity of Gal4p for the mutant sites (42) .
Our results and others indicate that three CGG-binding motifs are used by members of the family of zinc cluster proteins: palindromes, direct repeats, and everted repeats. Some other nucleotides outside the CGG triplets also play a role in high-affinity binding, as shown, for example, for the Gal4p (14, 22, 27, 28, 32, 43, 50) . In addition, a random site selection performed with Hap1p allowed the recovery of only sites that had direct repeats (46) . These observations suggest that there are constraints that prevent a given zinc cluster protein from binding to alternate CGG motifs. The two Gal4p monomers are bound symmetrically on each half of the palindromic UAS (23) . In contrast, Hap1p recognizes a direct repeat, and, as a result, the two zinc fingers of the Hap1p dimer must be oriented in the same direction. It has been suggested that one linker (that bridges the zinc finger and the dimerization domain) of one monomer of Hap1p swivels to allow the two dimerization domains of Hap1p to interact with each other to permit high-affinity binding of Hap1p to DNA (46) . For Leu3p, our results imply that the two monomers of Leu3p are oriented in opposite directions.
What is the domain(s) responsible for specifying a given orientation of each monomer of a given member of the family of the zinc cluster protein? It is probably not the zinc finger itself. The crystal structures of the DNA binding domains of Gal4p and Ppr1p have revealed that the two proteins have a very similar zinc finger responsible for specific contacts with the CGG triplet (23, 24) . The zinc finger of Leu3p shows a high degree of conservation with the ones found in Gal4p and Ppr1p, an observation that could account for the fact that the zinc finger of Leu3p can substitute for the one in Gal4p (Fig.  4) .
The linker region, located between the zinc finger and the dimerization domain, is responsible for specifying binding to a site of a given spacing for members of the family of zinc cluster proteins that bind to palindromic sequences (5, 29, 44) . The crystal structure of the DNA binding domain of Gal4p, which recognizes palindromic CGG triplets spaced by 11 bp, has shown that both linkers of the dimer have an extended and a symmetrical structure (23) . In contrast, the linkers found in Ppr1p show a more compact and asymmetrical structure (24) , allowing binding to a site with a shorter spacing (6 bp). It is possible that a similar strategy is used by Leu3p to allow binding to a site with a 4-bp spacing. The most extreme case is Pdr3p, in which there is no intervening sequence between the two CGG triplets. This corresponds to 100Њ of rotation of the helix for Pdr3p as opposed to 240Њ for Leu3p (when taking the central nucleotide of one CGG triplet as position 1). The linker may position the zinc finger on the proper surface of the DNA helix to recognize CGG triplets with different spacings. In addition, the two zinc fingers of Pdr3p may slightly overlap to allow binding to the CCGCGG sequence that does not contain intervening sequences. There is also some evidence that Ume6p, another member of the family of zinc cluster proteins, also binds to CGG triplets spaced by 0 bp (36) . In contrast to Pdr3p, which has an everted repeat (CCGCGG), the Ume6p site contains a direct repeat (CGGCGG). Finally, it is possible that an additional role of the linker region of the zinc cluster proteins is to specify the relative orientation of the zinc fingers of a dimer of a given member of this family, thus allowing binding to one of the motifs, either a palindrome or a direct or everted repeat.
In conclusion, the presence of a homologous zinc finger allows the zinc cluster proteins to recognize CGG triplets while the other domain(s) of these proteins allows discrimination between palindromes and direct and everted repeats. In addition, different spacings between the CGG triplets increase the number of target sites for this family of transcriptional regulators. Characterization of additional UASs of other zinc cluster proteins will show how general is this model.
